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Abstract
Deriving useful microsatellite markers in lepidopterans has been challenging when relying
on scans of genomic DNA libraries, presumably due to repetitiveness in their genomes. We
assayed 96 of 320 microsatellites identified in silico from a collection of Bicyclus anynana
ESTs, in 11 independent individuals from a laboratory population. From the 68 successful
assays, we identified 40 polymorphic markers including 22 with BLAST-based annotation.
Nine of 12 selected polymorphic markers tested in a panel of 24 wild-caught individuals
converted to successful assays and were all polymorphic. We discuss how microsatellite
discovery in ESTs is an efficient strategy with important attendant advantages.
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Microsatellites are widely used as neutral genetic mark-
ers for a variety of purposes; including analysis of relat-
edness, population structure, demographic and selective
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processes, and genetic mapping (Ellegren 2004; Schlo¨tter-
er 2004). Moreover, several studies have suggested that
microsatellites can also play important roles in generat-
ing variation (Rockman & Wray 2002; Fondon & Garner
2004; Kashi & King 2006). Microsatellites have been
explored in a variety of organisms, but have proven diffi-
cult to obtain for lepidopterans (butterflies and moths)
using traditional methods that rely on genomic DNA
libraries. This is potentially because lepidopteran micro-
satellites often appear within multi-copy genomic regions
(Zhang 2004, Van’t Hof et al. 2007), which results in PCR
failure.
Lepidopterans have long been favourite targets of
biological research (also because of their economic
importance), and have some unusual genetic properties
(such as heterogametic females and holocentric chromo-
somes). More recently, the derived and diverse colour
patterns on butterfly wings have been the focus of
efforts to develop genomic resources to link genotypes,
to development, to phenotypes, to fitness (Beldade et al.
2008). Linkage maps are now available for a few species
(Jiggins et al. 2005; Kapan et al. 2006; Van’t Hof et al. 2008,
Wang & Porter 2004), but are made mostly of anonymous
markers whose value for across-species comparisons
(e.g. Yasukochi et al. 2006; Pringle et al. 2007; Beldade
et al. 2009) is limited. Having markers associated with
expressed genes has advantages for downstream use of
the maps and should improve marker conversion
success. Growing EST collections for butterflies (Papani-
colaou et al. 2008) represents a potential valuable source
for microsatellites in this group. Here, we analyse micro-
satellites found in an EST collection from Bicyclus anynana
butterflies, an emerging model for the evolutionary-
developmental analysis of adaptive phenotypes (Beldade
& Brakefield 2002).
Our B. anynana EST collection was derived from
developing wings of a large number of outbred individu-
als to combine gene discovery with DNA sequence poly-
morphism identification (Beldade et al. 2006). A custom
PERL script designed to search for microsatellite repeats
detected 320 di-, tri-, tetra- and penta-nucleotide repeat
microsatellites (perfect repeats with repeat number
greater than 5 for dinucleotide microsatellites and greater
than 3 for the remainder) in 4251 assembled unigenes
(Beldade et al. 2006). Ten of the 73 microsatellites in non-
singleton unigenes were polymorphic in our EST collec-
tion with up to seven alleles.
We selected 96 of the 320 EST-based microsatellites to
test in a panel of 11 individuals (five females and six
males) from a laboratory outbred stock (Brakefield et al.
2009). To maximize the likelihood of finding polymor-
phisms, we identified 151 microsatellites that were either
polymorphic in the EST collection (Beldade et al. 2006) or
that had relatively high repeat number (dinucleotides
with greater than 5 repeats, trinucleotides with greater
than 4 repeats, and tetra- and pentanucleotides with
greater than 3 repeats). Primer3 software (Rozen &
Skaletsky 2000; default settings unless noted) was used
to design primers (optimal size = 22, and range = 20–25)
to amplify a fragment of 100–150 bp around the
microsatellite, avoiding priming low Phred and potential
polymorphic bases (Beldade et al. 2006). Of the 151 origi-
nal target microsatellites, this process led to automated
design of 94 primer pairs (design failure was typically
associated to microsatellites near the end of the available
sequence). To increase the target group to 96, we
manually selected two extra microsatellites from the 320.
These were trinucleotides with 4 repeats in two unigenes
annotated as Ribosomal Proteins (contigs 702 and 835 in
Table S1). In total, primer pairs were designed to amplify
96 microsatellite loci in 94 unigenes, of which 60 were
annotated based on sequence similarity with public
databases (Beldade et al. 2006).
A 5¢ M13-tag (TGTAAAACGACGGCCAGT) was
added to each of the 96 forward primers to enable the use
of a single fluorescently labelled primer (M13-FAM, cf.
Schuelke 2000). 0.5 pmol forward and 2 pmol reverse
Table 1 Microsatellite markers in Bicyclus anynana derived from
genomic and cDNA libraries
Source Found Assayed PCR Called
Mono
morphic Polymorphic
cDNA 320 96 76 68 28 40 [18]
2 alleles = 18 [6]
3 alleles = 15 [7]
4 alleles = 5 [3]
>5 alleles = 2 [2]
gDNA 252 80 51 41 13 28
2 alleles = 6
3 alleles = 6
4 alleles = 10
>5 alleles = 6
Microsatellites identified in cDNA (Beldade et al. 2006) and
gDNA (Van’t Hof et al. 2005) libraries were typed in 11 and 28
outbred individuals, respectively. Counts are given for: (i) the
total number of microsatellites identified (Found) following
specific criteria (see Van’t Hof et al. 2005; and Beldade et al.
2006), (ii) the subgroup for which primer pairs were designed
and tested in genomic DNA (Assayed), (iii) primer pairs for
which the PCR was successful (PCR), i.e. excluding those for
which the microsatellite had either no bands on any of the test
individuals or had bands for fewer than 5 of the 11 test individu-
als, (iv) microsatellites that we were actually able to type
(Called), i.e. excluding failed PCR and inconclusive and (v) the
number of Monomorphic and Polymorphic markers among the
latter. Numbers in square brackets correspond to insertion-dele-
tion polymorphisms or polymorphic microsatellites with
imperfect repeats (see text).
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primer, and 2 pmol M13-FAM (IDT) were used in a
12 lL PCR reaction with ca. 10 ng of genomic DNA
(QIAGEN DNeasy), 0.3 U Taq polymerase (MasterTaq,
Eppendorf) with buffer provided and enhancer additive
(0.5· final concentration), and 10 nmol dNTPs. Denatur-
ing at 95 C during 3 min was followed by 10 cycles of
Table 2 EST-based microsatellite markers polymorphic in a laboratory population









120 1 GGTAAAACAATTCGATTATCAACA TTGGACATCAATGATACTGAAGTTA ATT 5 1 2 116–142 11 1
213 0 ACTTGAACCTAAAACACCAGCC AGAAGTACGAACAACGAACACG TGACT 5 0 3 104–119 10 0.543
248 0 TGACATAGAGAGCTCCTGGGAT CACAGAGACATGAAGATGAGTGC AC 6 1 2 118–120 11 0.542
349 1 AGATTTTGGGCGGAATCTACTT AAAAGTACGACCCAACACAAGC ACTA 4 0 2 146–148 8 0.016
438 1 GTTGTCGTTTTGTTGGGTGGTA GTCAGAGACGCACCGATCTAAC GAGT 8 1 2 100–104 8 0.200
455 1 AAATCGGACCAGTAGTTCCAGA GAAATACGGAAAGAGGTTGACG CAAA 5 1 3 123–131 11 0.143
572 0 TTGTGTTGCAATATGGTTAGGC CAGCTGCAGTTTGTTACTACCAC AATA 4 0 2 134–138 10 1
575 1 ACGTCCATCGCCTGTTCATTAT TGCAAAATATCGTTTTATTTCAGA ATG 5 0 3 142–146 10 1
698 1 GACATTATTTCACTTCAACAACAGG AAATCCAATTCAAGGAATAACAAC TA 6 0 2 127–129 11 0.108
780 1 CACGTAAAATGTTGCGTTTTATT GAGAAGATGTCCAGATTCCTCG AAT 5 0 3 147–156 11 1
818 1 TCGCATATTAAGTCTTCAAGCA TAGACCCACTGAAATGAAAGGG TTC 4 1 5 142–156 11 0.005
820 1 GCGTCGAGTGTGCTACAGTTAT GCCTTACGAACAACACGAGTTTA TTAT 4 0 4 117–128 10 1
902 1 TAACGGAGTTCGTTTATTTCGG CAACACCGATTGTCCTCTACAA AT 6 0 2 118–120 11 –
1006 1 TCAAATCGGACCAGTAGTTCCT CCATTTTCAAGTTTGTCACTATTCT CAAA 5 0 2 127–131 6 –
1369 0 TTGTTTTTGTTTTGTGCAATAAAGT AGGTTGTCTCATGTAAGCGTTG ATAA 6 0 2 127–135 11 0.232
1373 1 CACAGGCCAGTATTATGTAAGAGA TTCATCATAGTGGGTACAACAAAAA AC 7 0 5 153–160 11 1
1710 1 GCAATTTGCATTTTCAATACCA CGTTGACTAACTCTTAGCTTTGACA CA 6 0 3 117–123 11 0.050
1808 0 AAAATCCAACCCAAACAACAAC TGTTGGTGATCACACTGAACAA ATT 7 0 3 143–149 7 0.076
1876 1 TGAATCGCTTCATTCTTTCATA AATTGAGGAAAATAACGCAGGT GTAG 6 0 4 122–136 9 0.525
1899 0 ATTTGAATCGCGCATTTATTTT TATGCAAATTTTATTTCGGGCT ATA 6 0 2 156–158 10 1
2339 0 TGTTGAAAACAAAATTAACAAAACA TCTGGATCCTGTAACAAACGTG AT 6 0 4 131–137 11 0.008
2484 0 GGCGCGTACCAACTACATACTTA TTGAAACAAAATAAACATTTTGGAA ATT 5 0 2 123–130 10 1
2555 0 TTAAACTTCCTGGTCCACAGGT TAAGTTTGACCCACCTTTTGCT TTAA 4 0 2 140–144 11 –
2562 0 GTAATGTCTTCCCGGGTATTGA AAAATATTGCGAGTAGGTTGCC TAAA 7 0 3 135–143 8 0.513
2577 1 TTTTCTTCATTATGACCCCCTG GATTTGCCAGAAGAACCAGAAA TTC 5 0 2 152–163 11 0.255
2636 0 AGACGGGAGTGAGAAAAGAGC GGCAGAACGAATATTTGAGTCC TTCA 4 0 3 115–201 10 1
2669 0 TGTTGTTTAATTGGAAGTTTTCAGA CGTGGGAAATTGGGAATATAGA ACA 5 0 3 138–147 9 0.525
2904 1 AAATTAGCGTATCGATCAGTACAA GAACTCAGTAACAATATGCTTGGAA TAAT 4 0 2 136–140 11 1
3167 0 TGGAATGTTGTATTCTTGCAAAT AGGCGTTGCTTAGATATTCTGG ATT 5 0 2 156–159 11 0.279
3410 0 CCCATAATATTGGCTTAATGGT GAGCGGTCCACTTAGTGAAGTT TTTA 4 0 2 139–147 11 1
3457 1 CACACGGCTTTTTGTGTATTTT CGATTTTGCTAAGCATGTTAGTTC TTTA 5 0 4 155–160 11 0.509
3655 0 CCTAGTCATCATCCCGATTCTT CATAGTCGGATAGTTCATCAATACA TTA 5 0 2 127–130 10 1
3752 1 ACTTTCGAAACGTCCGGTAATA CGATGACTAGATCACGGAAACA ATAA 4 0 3 164–174 9 0.021
3833 1 AACCAGTATTCTTGCCACCATT TGCCCTACAGTAAACATTCATCA TCA 5 0 3 149–161 10 0.011
4122 1 ACCGCCTTTGCACATACTTATT TCAATGCAAACAAACAAACAAA AAAT 4 0 3 146–154 10 0.173
4122 1 TGTTATTGTTTTTGTTTTGTGCAAT GCTTCCCAACAGTGGATTTTTA GTTT 4 0 4 154–166 9 0.020
4190 0 ATTATGCACAGCACTCTGTCGT TAGGATTGGAGAACGGAACGTA CA 6 0 3 133–137 10 1
4316 0 TTCGCGAATATAACGTGAAAAA TGTGGATATTTCACAGCAAAAA GT 7 0 3 155–164 10 0.001
4431 1 TCCTACACTATGCGGTTCACTG ACATCGACTACAACAACAACGC TGT 5 0 2 101–122 11 1
4442 0 TGGGTTCGAAATAAACGCAT CGGTACATTTCATCCTGTCAGA TTTC 4 0 3 145–155 11 0.079
Data on the microsatellite markers identified in silico in a B. anynana EST collection (Beldade et al. 2006): ID is the contig
number with underlining marking ‘indels’ and italics for markers tested also in a wild-caught panel (NCBI ESTdb accession
numbers and contig consensus sequences are provided in Supplementary Table S1); BLAST is a binary code with 1 for unigenes
annotated based on BLAST analysis against publicly available sequences, and 0 to those with no such annotation (details in
Supplementary Table S1); rep seq is the microsatellite motif; rep nr is the number of repeats in the microsatellite in ESTs; and
poly EST is a 0 ⁄ 1 code with 1 for the microsatellites found to be polymorphic in the EST collection. The remaining columns
refer to the analysis in this paper: sequences of the Forward and reverse primers designed to type each microsatellite; alleles is
the number of alleles found in the test panel; size range is the range for the length (bp) of the amplicons detected in the
laboratory panel; indiv is the number of individuals from the panel genotyped for each microsatellite marker; HW is the p-value
for the test for deviations from Hardy–Weinberg equilibrium [calculated with GENEPOP (Rousset 2008) based on the genotype
data in Supplementary Table S1] with bold indicating significant deviations and - for alleles that did not meet the test criteria
(see text). More details on these polymorphic markers, as well as details for the remaining markers tested (PCR failures and
monomorphic microsatellites) are available in Supplementary Table S1.
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94 C (35 s), 58 C (35 s) and 72 C (45 s), then 30 cycles
of 94 C (35 s), 50 C (35 s) and 72 C (45 s), and finally
10 min at 72 C (ABI 9700 thermal cycler). The amplicons
thus generated were diluted 1:30 in water and paired so
that two amplicons from the same individual but corre-
sponding to microsatellites with expected PCR bands of
different sizes (cf. Table S1) were further processed
together. One lL of the plexed diluted amplicon mix was
used with 9.5 lL of HiDi (ABI) and 0.5 lL of Genescan
ROX ladder 50–350 bp (Gel Company) and run on the
ABI 3100 Genetic Analyzer. Scoring of fluorescence peaks
was performed using GeneMapper4.0 and confirmed
manually.
Visual inspection of peak sizes in all test individu-
als led to the identification of different marker catego-
ries (Table 1). Of the 96 test microsatellites, nine had
no detectable band in any of the individuals in the
panel and 11 had bands in fewer than five of the 11
test individuals. Together, these 20 assays were scored
as failed PCR reactions. PCR failures can result from
unsuitable primers (e.g. due to sequencing errors in
primed region; Long et al. 2007) and ⁄ or from the pres-
ence of introns in the genomic DNA (either leading to
PCR failure or to amplicons of size greater than our
maximum detection limit of 350 bp). Of the remaining
primer pairs, eight produced peak patterns that were
inconclusive and did not allow accurate genotyping of
the test panel. These (8), together with the PCR fail-
ures (20), were excluded from the analysis. Twenty-
eight of the remaining 68 loci were monomorphic in
the test panel and 18 of the 40 polymorphic loci had
alternative fragments differing in size by a number of
nucleotides that was not a multiple of the repeat size.
The latter can be insertion-deletion polymorphisms in
the microsatellite-containing amplicon and ⁄ or non-per-
fect microsatellites, but remain potentially useful mark-
ers. Of the 40 polymorphic loci, 22 were associated
with annotated unigenes (Table 2). Ten of the 40 mark-
ers might be of limited usefulness: seven showed
heterozygote deficiency (commonly found in lepidopt-
erans and usually caused by null alleles; Van’t Hof
et al. 2007) and three did not meet the criteria for
Hardy–Weinberg analysis due to a low-frequency
allele in a small sample (Table 2).
We selected 12 of the markers polymorphic in the lab-
oratory population (italics in Table 2) to assay in a panel
of 24 wild-caught individuals; 12 males and 12 females
from South Africa. Three of them (contigs 213, 248, and
3655) had peak patterns that did not allow for clear geno-
typing and were discarded from further analysis. The
remaining nine markers were polymorphic in the
wild-caught panel. Three of them were not in Hardy–
Weinberg equilibrium and two pairs were in linkage
disequilibrium in the South African population (Table 3),
but this was not significant when both test panels were
taken into account (P > 0.5 for all pairwise tests involving
the nine markers).
Compared with microsatellites in genomic libraries,
those in ESTs generally have lower levels of polymor-
phism: fewer are polymorphic, they have fewer segregat-
ing alleles and the size difference between alleles is
smaller (Table 1; Prasad et al. 2005). However, they have
important advantages: there are typically fewer problems
with PCR amplification when using primers designed
Table 3 EST-based microsatellite markers polymorphic in a wild-caught population
ID rep size alleles laboratory alleles SA indiv SA HW SA HO SA HE SA LD SA
455 4 3 3 19 0.001 0.158 0.496
698 2 2 3 18 0.013 0.111 0.294
780 3 3 3 23 0.292 0.261 0.308 a
902 2 2 3 22 1 0.409 0.394
1369 4 2 4 18 0 0.167 0.567
1710 2 3 2 19 0.080 0.053 0.149
2555 4 2 3 23 0.362 0.273 0.369 b
2904 4 2 3 22 0.038 0.409 0.551 b
3410 4 2 3 23 0.260 0.565 0.456 a
ID is the contig number with underlining marking a possible ‘indel’ (i.e. alternative alleles differing by a number of nucleotides that is
not a multiple of repeat size); rep size is the number of nucleotides in the microsatellite repeat; alleles laboratory is the number of alleles
found in the laboratory panel of 11 butterflies; alleles SA is the number of alleles found in the panel of 24 test butterflies from a wild-
caught South African population; indiv SA is the number of individuals from the South African panel that were genotyped for each
microsatellite marker; HW is the p-value for the test for deviations from Hardy–Weinberg equilibrium in the South African panel with
bold indicating significant deviations; Ho observed frequency of heterozygotes; He expected frequency of heterozygotes; LD corresponds
to a letter code for groups of markers in linkage disequilibrium in the South African population: (a) P = 0.0346, (b) P = 0.0352, and
empty cells having P > 0.16 for all pairwise LD tests. HW and LD were calculated with GENEPOP (Rousset 2008) based on the genotype
data in the Supplementary Table S2. More details on these polymorphic markers, as well as details for the remaining markers tested
(including three markers excluded from further analysis) are available in Supplementary Table S2.
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against cDNA sequence and the markers are more likely
to be transferable and comparable between species and
are valuable in efforts to move from implicated genomic
regions to implicated genes. Different recent studies have
suggested that ESTs are a good source for microsatellite
markers (Wren et al. 2000; Ellis & Burke 2007). Scanning
EST collections for microsatellites can be especially valu-
able for groups where gDNA-based microsatellite devel-
opment has proven challenging.
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Characterization of microsatellite loci isolated from the
wasp,Microstigmus nigrophthalmus (Hymenoptera)
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Abstract
Fifty-two microsatellite loci were characterized in 22–31 unrelated females of the wasp
(Microstigmus nigrophthalmus) collected from the Mata do Paraiso, Vic¸osa, M.G., Brazil.
Fifty-one of these loci were developed from a microsatellite-enriched genomic library derived
from M. nigrophthalmus and one was derived from the wasp, Ormyrus nitidulus. The genus
Microstigmus represents an independent origin of social behaviour in the Hymenoptera and
is thus of great potential in the study of social evolution.
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Microstigmus is a neotropical genus of apoid wasp
characterized by the construction of nests using a
combination of external organic material and silk
produced by adult females. In contrast to most other
apoid wasps, Microstigmus demonstrates evidence of
social organization (Matthews 1968, 1991). The species
Microstigmus nigrophthalmus (Melo 1992) lives in groups
of one to five females (Melo & Campos 1993) and has
great potential for use in the study of social evolution.
We describe the identification of a set of polymorphic
dinucleotide microsatellite loci for M. nigrophthalmus.
Genomic DNA was extracted from the thorax and
abdomen of a single female M. nigrophthalmus pupa
(046P1) captured from the Mata do Paraiso, Vic¸osa, M.G.,
Brazil. Genomic DNA was digested with MboI and size-
selected (250–750 bp). The restriction fragments were
enriched for (CA)n and (GA)n and their complements, as
described by Armour et al. (1994) but without the pre-
enrichment hybridization PCR-amplification step.
Enriched fragments were ligated into BamHI-digested,
CIP-dephosphorylated pBluescript SK+ (Stratagene) and
screened for (CA)n and (GA)n and their complements.
Positive clones were sequenced in both directions,
a consensus sequence created and primers designed
using Primer 3 (Rozen & Skaletsky 2000). One-hundred
and seven unique sequences were identified using BLASTN
v.2.2.4 (Altschul et al. 1997, EMBL accession numbers
FM957351–FM957457). Primer sets were designed for 86
loci with at least seven tandem repeat units.
As a result of the haplodiploid sex determination
system found in the Hymenoptera, no part of the nuclear
genome exists exclusively in one sex. Adult males and
females of this species can be distinguished based on mor-
phology. In addition, males are haploid, whereas females
are diploid. All individuals genotyped for the character-
ization of our loci were female. Thirty-seven females
were captured from the Mata do Paraiso (see above) and
stored in 1 mL of absolute ethanol in screw-capped micro-
fuge tubes at room temperature for several months, then
in a )20 C freezer. Genomic DNA was extracted from
whole thoraces and each locus tested for amplification
and polymorphism with between 22 and 31 unrelated
individuals from the Mata do Paraiso population. Each
10-lL PCR contained approximately 50 ng of genomic
DNA, 1.0 lM of each primer, 0.20 mM of each dNTP,
2.0 mM MgCl2 and 0.25 units of Taq DNA polymerase
(Biotaq; Bioline) in the manufacturer’s buffer. PCR
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